Proline is converted to glutamate inside the mitochondria of Saccharomyces cerevisiae by the action of two nuclear encoded, cytoplasmically synthesized enzymes, proline oxidase and Al-pyrroline-5-carboxylate (P5C) dehydrogenase. Both enzymes were shown to be induced by proline (10) and regulated by a common control element encoded by the PUT3 gene (11) . Mutations in either the PUT] or the PUT2 gene led to a deficiency in proline oxidase or P5C dehydrogenase, respectively, and to the inability to use proline as the sole source of nitrogen (10) . The PUT2 gene was cloned and found to be unique in the genome, and it responded to induction by proline with an increase in the level of PUT2-specific mRNA (9) . All the sequences allowing normal regulation of PUT? were found to lie within a 3-kilobase HindIII fragment (9) .
In this study, we report the DNA sequence of the PUT? gene, including the 5'-and 3'-flanking regions. Transcript mapping with both S1 nuclease and primer extension methods indicated multiple transcriptional starts. The deduced amino acid sequence of P5C dehydrogenase contains a putative signal sequence that enables the protein to cross into the mitochondrial matrix.
MATERIALS AND METHODS Strains and media. S. cerevisiae MB1000 (ot wild type) was used (10) . The media used for the growth of yeast and bacterial strains have been described previously (9) . The nitrogen source was either 0.2% ammonium sulfate or 0.1% proline.
Plasmids. The DNAs used for sequencing the PUT? gene came from plasmids pKB1, pKB5, pKB8, and pKB11, which carry part or all of the wild-type gene. These have been described previously (9) .
Restriction enzymes and chemicals. Restriction endonucleases were obtained from New England Biolabs or Boehringer Mannheim Biochemicals and used in accordance with the manufacturers' instructions. Avian myeloblastosis virus reverse transcriptase was purchased from Life Sciences, Inc. RNasin was purchased from Promega Biotec. S1 nuclease was obtained from Miles Laboratories, Inc.
RNA and DNA preparation and DNA transformation of Escherichia coli. Methods for RNA and DNA preparation and DNA transformation of E. coli have been described previously (9) .
DNA sequencing. The DNA sequence was determined by the method of Maxam and Gilbert (25) . DNA fragments labeled at a single end were generated from fragments labeled at both ends by cutting with a second restriction enzyme or by strand separation. Cleavage products were analyzed by electrophoresis on 8 and 20% polyacrylamide-8 M urea gels (35 cm by 43 cm by 0.4 mm). The gels were dried, and autoradiography was done at -70°C with Kodak XRP-5 film and Lightning-Plus intensifying screens (Du Pont Co.). Sequences were analyzed on a 3B 20 computer (AT&T) with programs written by D. Kristol.
Nueleotide sequences were determined on both strands for 88% of the sequence. Sequences near restriction sites were determined by analysis of overlapping fragments.
Preparation of end-labeled restriction fragments. Plasmid DNA was cut with restriction enzymes and separated on agarose or acrylamide gels, and the appropriate fragments were purified. For 3'-end labeling, the DNA was suspended in reverse transcriptase buffer, and a-32P-deoxynucleotide triphosphates were incorporated by the method of Bahl et al. (4) . For 5'-end labeling, the fragment was first dephosphorylated with calf intestinal phosphatase and then 5' phosphorylated with T4 polynucleotide kinase (Bethesda Research Laboratories) and [y-32P]ATP by the method of Maxam and Gilbert (25) .
Transcript mapping. S1 nuclease mapping was carried out as described previously (9) by the method of Berk and Sharp (7) as modified by Weaver and Weissman (35) . The 5'-endlabeled 307-base-pair (bp) AvaI-DdeI fragment was strand separated and mixed with 7.5 jxg of polyadenylated [poly(A)+] RNA from proline-grown or ammonia-grown wild-type S. cerevisiae cultures.
Primer extension experiments were carried out essentially as described for cDNA synthesis by Maniatis et al. (24 Fig. 2 .
The entire region contained only one large open reading frame in either direction, beginning with the ATG at position 1 and ending with the stop codon TAA at position 576. The length of this open reading frame is consistent with a message length of ca. 2 kilobases (9). The deduced molecular weight of the protein, ca. 64 kilodaltons, agrees well with the 60-kilodalton band observed on sodium dodecyl sulfatepolyacrylamide gels during purification of the protein (unpublished data).
Fine-structure transcript mapping. On the basis of Si nuclease mapping experiments reported previously (9), transcription of the PUT2 gene was initiated between the PvuII and BgIII sites (Fig. 1 ). To determine more precisely the position of the start of transcription, we carried out finestructure S1 nuclease mapping experiments as described above. Figure 3A shows the band pattern obtained when poly(A)+ RNA from proline-grown yeast cultures was used. Numerous bands were seen, with the pattern shifting slightly with increasing S1 concentrations. Similar results were obtained in experiments with poly(A)+ RNA from ammonia-grown cultures (data not shown).
To confirm these results ahd to determine if the multiplicity of bands were due to an artifact of the S1 nuclease, we carried out primer extension experiments as described above. The resulting extended fragments are shown in Fig. 3B . The band pattern was similar to that obtained in the S1 nuclease experiments. Fourteen bands were present, and their termini (±2 nucleotides) are shown in Fig. 2 . They clustered between positions -20 and -70.
A faint band that was visible in the non-RNA-containing control (lane 1) in Fig. 3B was very dark in the noninduced-RNA sample (lane 2). This band is the correct length for a DNA fragment which could have resulted from a self-priming event if the input DNA formed a hairpin structure at a region of homology and extended 53 nucleotides. The frequency of formation of such a hairpin would be expected to depend upon the amount of nonduplexed DNA and the amount of homologous RNA present. In fact, the band decreased in intensity when the amount of PUT2-specific RNA was increased (lane 3, induced RNA).
Deduced amino acid sequence of P5C dehydrogenase. The amino acid sequence of P5C dehydrogenase as deduced from the PUT? DNA sequence is shown in Fig. 2 . The protein is assumed to begin at the first methionine codon which is followed by an open reading frame. No other such methionines were found further upstream. There were in-frame methionines further downstream, at amino acid positions 52 and 103. It is unlikely that the protein begins at either of these residues, as it has been found in eucaryotes that the first ATG codon encountered by the translation machinery is generally the one used for translation initiation (22) . In addition, the behavior of put2-lacZ fusion proteins suggests that the protein begins at the position indicated in Fig. 2 (unpublished observations).
In the first 30 residues, there were 9 positively charged amino acids, making this region highly basic. The first negatively charged residue occurred at glutamic acid at position 31. There appeared to be no long stretches of uncharged amino acids which might constitute a hydrophobic core.
Codon usage. The codon usage in the PUT2 gene is summarized in Fig. 4 . There was very little codon bias, and 60 of the 61 possible codons were used.
DISCUSSION
The sequence of the S. cerevisiae PU72 gene contains signals cominon to many moderately expressed yeast genes (19, 23, 27, 30, 31, 36) . Several regions with homology to the consensus sequence TATAA/TAA/T (13), believed to be part of a eucaryotic promoter element, were found; the sequence most homologous to the consensus sequence was found at position -123 and lay 50 to 100 bp upstream from the region of transcription initiation. Downstream from the TATA boxes, mRNA capping sites have been found associated with pyrimidine-rich sequences (32) . In the PU12 gene, a pyrimidine-rich sequence, CTTTACTCC, was located between positions -98 and -90, ca. 20 bp 5' to the longest message detected. The PUT2 gene lacked the CT block, which has been found in highly expressed genes (15) . The absence of codon bias (Vig. 4) is consistent with PUT2 being at most a moderately expressed gene (6, 20 the invariant A at position -3 but no purine at position +4, as has been found in other sequences (15, 22) . At the 3' end of the PUT2 gene, there is the consensus polyadenylation signal AATAAA (5, 17, 19) (5) ; its location at the ultimate codon in the reading frame, extending through the terminator codon, is surprising in terms of its putative function. This sequence falls in the same relative position in the PH05 gene, as reported by Arima et al. (3) . In both PH05 and PUT2, additional AATA sequences that may serve as polyadenylation signals occur further downstream. Fine-structure mapping of the 3' end of the PUT2 message has not yet been carried out, so the exact position of the message terminus is unknown.
The PU72 gene is believed to encode the enzyme P5C dehydrogenase, which converts P5C to glutamate inside S. cerevisiae mitochrondria. Strains carrying the gene on a multicopy plasmid have greater enzyme activity than strains carrying the gene on a centromere plasmid (9) . Plasmids in which 330 bp between the BglII sites of the PUT2 gene have been deleted fail to restore the ability of put2 S. cerevisiae strains to grow on proline. In addition, rabbit antibodies raised against purified P5C dehydrogenase were found to be specific for a 60-kilodalton polypeptide in immunoblotting (33) experiments. This polypeptide was found in extracts from a proline-grown, wild-type strain but was not detected in that strain when ammonia was the nitrogen source or in extracts from strains carrying an amber mutation or an insertion in the PUT2 gene (M. C. Brandriss, unpublished observations).
The deduced amino acid sequence of the PUT2 gene revealed a highly basic amino-terminal region of the polypeptide. As P5C dehydrogenase was shown to behave like a mitochondrial matrix enzyme (12) , this region is implicated in targeting the protein to the mitochondrion, i.e., it is a signal sequence (8, 28) . P5C dehydrogenase therefore joins a small but growing list of mitochondrially imported proteins whose sequences have recently been determined. These include S. cerevisiae cytochrome c peroxidase (21) , elongation factor Tu (26), the MSS51 gene product (16) , and the 70-kilodalton outer membrane protein (18) and the Neurospora crassa proteolipid subunit of ATP synthase (34) and the ADP/ATP carrier (2). To date, one common feature of the protein sequences appears to be that they contain AAT asn 21 ( 3.6) AGT ser 11 ( 1.9) AAC asn 9 ( 1.6) AGC ser 4 ( 0.7)
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